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The guidance of axons to their targets represents a key 
stage in the assembly of the nervous system, linking the 
early inductive interactions that establish neuronal identity 
to the later steps of synapse formation. Neurons are re- 
quired to extend axons through a variety of cellular envi- 
ronments, and the task of perceiving, integrating, and re- 
sponding to the myriad signals present in the immediate 
vicinity of the axon falls to the growth cone, a sensory and 
motor apparatus located at the distal tip of the developing 
axon. Attempts to unravel the mechanisms of axonal guid- 
ance have centered on four main issues: the cellular strat- 
egies used to influence the rate of extension and the orien- 
tation of growth cones; the nature of molecules in the local 
environment of the axon that control growth cone behav- 
ior; the identity of receptors on the surface of growth cones 
that respond to these guidance cues; and the intracellular 
machinery that integrates multiple extracellular signals to 
produce the coordinated and directed response of growth 
cone navigation. 
The first wave of information on the cellular and molecu- 
lar mechanisms of growth cone navigation emphasized 
positive influences on growth cone behavior through the 
identification of cell, axon, and substrate adhesion mole- 
cules that enhance the rate of axon extension and of 
chemoattractants that entice growth cones to distant tar- 
gets. It took longer to appreciate that growth cone naviga- 
tion also depends on negative influences, despite several 
early cellular assays that showed that contact with a vari- 
ety of cell types inhibits growth cone motility (Walter et 
al., 1990; Goodman and Shatz, 1993; Schwab et al., 1993; 
Keynes and Cook, 1995). The first indications of the nature 
of proteins that cause growth cone inhibition have emerged 
over the past 2 years, and several papers in the current 
issues of Cell and Neuron now advance significantly the 
case that the guidance of axons, in both vertebrates and 
invertebrates, is dependent on proteins that inhibit or repel 
growth cones. These papers focus on two families of pro- 
teins, the semaphorinslcollapsins and the netrins. Intrigu- 
ingly, the netrins have previously been implicated in the 
attraction of axons, suggesting that distinctions in the na- 
ture of guidance cues reside more in the response proper- 
ties of growth cones than in the identity of environmental 
signals. 
Cellular Origins of Growth Cone inhibition 
In the 198Os, assays of growth cone behavior and axon 
navigation in vitro began to suggest the existence of sig- 
nals that guide axons by repelling growth cones (Kapfham- 
mer and Raper, 1987; Walter et al., 1987; Schwab et al., 
1993; Keynes and Cooke, 1995). Of critical importance 
for the identification of relevant molecules was the devel- 
Minireview 
opment of an in vitro assay that monitors the collapse 
of growth cones on contact with other classes of axons 
(Kapfhammer and Raper, 1987). This assay was used to 
clone a gene encoding an avian protein, named collapsin, 
that induces collapse of sensory growth cones (Luo et al., 
1993). Strikingly, the amino acid sequence of collapsin 
revealed that it was closely related to fasciclin IV, a protein 
that had previously been implicated in the guidance of 
sensory axons in the peripheral nervous system of grass- 
hopperembryos(Kolodkinet al., 1992).Thestructuralcon- 
servation between collapsin and fasciclin IV raised the 
question of whether these two proteins represent the van- 
guard members of a novel family of proteins that contribute 
to the guidance of axons by virtue of their repellent actions 
on growth cones. Evidence in support of this idea came 
with the identification of additional members of the gene 
family, now termed semaphorins, in Drosophila and hu- 
mans (Kolodkin et al., 1993). 
Three key issues were left unresolved. How large is the 
semaphorin family? Where are these proteins expressed? 
How do they influence growth cone guidance? The new 
papers provide preliminary answers to these questions. 
Semaphorfns: A Large Gene Family Revealed 
A flurry of molecular cloning based on the original collapsin 
and semaphorin sequences has now expanded to ten the 
number of apparently distinct semaphorin genes found in 
vertebrates (Puschel et al., 1995; Luo et al., 1995) and 
invertebrates (Figure 1). Other semaphorin proteins may 
be generated through RNA splicing (Puschel et al., 1995), 
and scanning of the human expressed sequence tag(EST) 
data base has revealed protein sequences that represent 
additional semaphorins (Messersmith et al., 1995). Two 
semaphorins are also encoded in viral genomes (Kolodkin 
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Figure I. Evolutionary Tree of the Semaphorin Family 
A phylogenetic tree of the sema domains illustrates the size and diver- 
sity of the semaphorin family. Brackets to the right indicate species 
homologs. Not included are human ESTs and viral sequences encod- 
ing additional semaphorins. G-, D-, and H-are prefixes for grasshop 
per, Drosophila, and human, respectively. Coll 1 to Coll 5 indicate 
collapsins identified in chick. Semas A-D were identified in mouse. 
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Figure 2. Analysis of the Functions of Semaphorins and Netrins 
(A) (i) The RP3 motor neuron normally establishes synapses with muscles 6 and 7 (M6/7) in the Drosophila embryo. (ii) The ectopic expression 
of sema II by these target muscles causes stalling of the RP3 growth cone and blocks synapse formation. 
(B) (i) Trochlear motor neurons (T) extend axons away from the floor plate (FP) to a dorsal exit point. (ii) The extension of trochlear axons in vitro 
(shown in explant with adjacent untransfected COS cells) is deflected by explants of floor plate (FP), and this is mimicked by COS cells expressing 
netrin-I (COS Nl). 
(C) (i) Cutaneous (C) and muscle (M) sensory afferent axons project to distinct domains of the embryonic spinal cord. Sema III is expressed at 
high levels in ventral spinal cord in the region from which cutaneous afferent axons are excluded. Abbreviations: dh, dorsal horn; vh, ventral horn. 
(ii) COS cells expressing sema III repel the growth of cutaneous (C) but not muscle (M) afferent axons from dorsal root ganglia in vitro. 
et al., 1993). Thus, the existence of a large semaphorin 
family seems assured. 
The semaphorins share a hallmark “sema” domain, a 
region of sequence conservation spanning about 500 resi- 
dues. Outside the sema domain, there is a greater degree 
of sequence divergence, revealing distinctions that are 
potentially important for the function of the proteins. The 
existence of a transmembrane domain in sema I (and in 
a human EST that, although only a partial sequence, is 
most closely related to the transmembrane Drosophila 
sema I) indicates local, contact-mediated activity. The 
available sequence information for all other semaphorins 
implies that they are secreted proteins (Kolodkin et al., 
1992, 1993; Puschel et al., 1995; Luo et al., 1995). How- 
ever, the surface association of secreted sema Ill in 
transfected cells (Luo et al., 1995) suggests that these 
proteins may also have a limited range of action. 
Semaphorins as Growth Cone Repellents 
Recent attempts to define the roles of semaphorins in axon 
guidance have incorporated genetic analysis in Drosoph- 
ila embryos and in vitro cellular studies in vertebrate neural 
tissue (Figure 2). Collectively, the results of these experi- 
ments provide a compelling, though incomplete, case that 
semaphorins regulate the guidance of axons during em- 
bryogenesis by repelling growth cones from regions of 
high semaphorin expression. 
Assays to define semaphorin function have been aided 
by knowledge of the distribution of these proteins. In Dro- 
sophila, sema II is widely expressed in the nervous system, 
but is not expressed by muscles 6 and 7, two targets of 
the motor neuron RP3. Matthes et al. (1995 [this issue of 
Cc//j) have examined the axonal projection of the RP3 
motor neuron in embryos in which sema II has been ectopi- 
Cally expressed in muscles 6 and 7. When confronted with 
an ectopic domain of sema II expression, the RP3 growth 
cone arrests in the vicinity of muscles 6 and 7 and does 
not elaborate synaptic terminals (Figure 2A). Despite this, 
other motor axons destined for different target muscles 
extend normally through the ectopic sema II domain. 
Thus, sema II can influence axonal trajectories in a man- 
ner consistent with its presumed repellent activity. More- 
over, distinct subsets of axons appear to respond differ- 
ently to a single semaphorin. Taken together with previous 
studies on sema I (fasciclin IV) in grasshopper, these re- 
sults provide strong evidence that, in invertebrates, the 
semaphorins can influence the trajectories of many 
classes of axons. Which classes of axons normally re- 
spond to semaphorins remains less clear. Loss of sema 
II function in Drosophila appears to compromise neural 
circuitry but, to date, it has not been possible to detect 
alterations in defined axonal trajectories. 
The semaphorins are also widely distributed in neural 
and nonneural tissues in vertebrates. Recent experiments 
have shown that chick brain extract enriched for sema Ill 
can cause local collapse of regions of the growth cone, 
which results in steering of the growth cone in vitro (Fan 
and Raper, 1995) thus suggesting a plausible mechanism 
of growth cone orientation in vivo. One notable site of em- 
bryonic sema III expression is the spinal cord, where the 
gene is expressed at high levels ventrally but not dorsally 
(Messersmith et al., 1995; Puschel et al., 1995; Luo et al., 
1995). The ventral spinal cord contains the cell bodies of 
motor neurons and is the site of termination of muscle 
sensory afferent axons, whereas the dorsal spinal cord 
contains the cell bodies of sensory relay neurons and is the 
site of termination of cutaneous sensory afferent axons. 
A classical problem has been to account for the distinct 
projectionsof cutaneous and muscle afferent axons within 
the embryonic spinal cord. 
Recently, Fitzgerald et al. (1993) showed that ventral 
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spinal cord tissue can repel the growth of sensory axons 
in vitro, raising the possibility that the segregated projec- 
tion of different classes of sensory axons is controlled by 
inhibitory signals, possiblysema Ill, from theventral spinal 
cord. This has been addressed in an elegant study making 
use of the distinct trophic requirements of different sub- 
classes of sensory afferent neurons to obtain selective 
outgrowth of cutaneous and muscle sensory axons and 
to distinguish their responses toventral spinal cord factors 
and sema Ill (Messersmith et al., 1995). The cutaneous 
afferent axons, which extend in the presence of nerve 
growth factor, were deflected by both ventral spinal cord 
and COS cells expressing sema III. In contrast, muscle 
afferent axons, which extend in the presence of neurotrophin 
3, were not inhibited by ventral spinal cord or sema Ill (Figure 
2C). Sema Ill may therefore have a role in segregating 
sensory afferent input to different regions of the spinal 
cord. It will be intriguing to determine whether additional 
semaphorins control finer aspects of the projection of sen- 
sory afferents to spinal cord. 
Net&s as Axon Repellents 
Semaphorins probably do not account for all the known 
cellular activities that have been shown to repel or inhibit 
growth cones. The posterior tectal factor that repels tem- 
poral retinal axons has a molecular mass of approximately 
30 kDaand is aglycosylphosphatidylinositol-linked protein 
(Stahl et al., 1990). In addition, there are clear distinctions 
in the intracellular response of growth cones to semapho- 
rins and to oligodendrocyte-derived inhibitors of growth 
cone motility (Bandtlow et al., 1993). Indeed, several pro- 
teins found in the extracellular matrix, including tenascin 
and proteoglycans, have been implicated in the arrest of 
growth cones in vitro (see Keynes and Cook, 1995). 
Three new studies appearing in Cell and Neuron have 
expanded the range of cell types known to act as sources 
of growth cone repellent and provide evidence for a sec- 
ond family of chemorepellents. A striking aspect of these 
studies is that the cell type (the floor plate) and the mole- 
cule (netrin-1) implicated in chemorepulsion have both re- 
ceived attention previously for their ability to orient axons 
by chemoattraction. 
These papers show that the axons of several classes 
of motor neurons from the midbrain, hindbrain, and spinal 
cord are deflected from explants of floor plate (Colamarino 
and Tessier-Lavigne, 1995 [this issue of Cell]; Guthrie and 
Pini, 1995; Tamada et al., 1995). A floor plate-derived 
chemorepellent might therefore contribute to the projec- 
tion of these neurons in vivo. Netrin-1, which is expressed 
in the floor plate, was originally identified as a chemoat- 
tractant for spinal commissural neurons (Serafini et al., 
1994; Kennedy et al., 1994) and has recently been shown 
to attract axons that project to the floor plate in other re- 
gionsof the nervoussystem as well (Shirasaki et al., 1995). 
It has now been considered as a candidate chemorepel- 
lent because of its homology to the Caenorhabditis eleg- 
ans UNC-6 protein. Genetic studies have provided con- 
vincing evidence that UNC-6 is required for the ventral 
migration of some cells and axons but for the dorsal migra- 
tion of others (Hedgecock et al., 1990). 
Studies by Colamarino and Tessier-Lavigne (1995) have 
now shown that netrin-1 may also serve two roles in verte- 
brates. COS cells expressing netrin-1 mimic the ability of 
the floor plate to repel the growth cones of trochlear motor 
neurons in vitro, at concentrations similar to those that 
attract the axons of spinal commissural neurons (Figure 
28). These experiments, showing that netrin-1 can behave 
as a bifunctional guidance cue, repelling some axons while 
attracting others, emphasize again that distinct classes 
of growth cones respond differently to a single guidance 
molecule. 
Genetic evidence suggests that distinct domains of the 
UNC-6 protein mediate its effects on dorsal and ventral 
migration (Hedgecock et al., 1990). It seems likely that 
netrin-1 will exhibit similar segregation in its functional do- 
mains. However, the mechanism by which netrin-1 repels 
the growth cones of trochlear motor neurons remains un- 
clear. Do the netrins, like the semaphorins, initiate the 
local collapse of growth cones, or do they influence motility 
by other means? 
Netrin-1 may not account for all the repellent activities 
of the floor plate. Trochlear motor axons project dorsally 
and leave the hindbrain adjacent to the dorsal midline, but 
although other classes of motor neurons project away from 
the floor plate, they emerge from more ventral regions of 
the neural tube. It will therefore be important to determine 
whether subsets of motor axons respond differentially to 
floor plate-derived chemorepellents. Moreover, the axons 
of some neurons initially project toward the floor plate but 
then turn away as they approach the midline. Perhaps 
these axons are attracted to the floor plate by the long- 
range action of netrin-1 and then are repelled locally by 
a semaphorin. 
Perhaps the clearest conclusion from these recent pa- 
pers is that chemorepulsion now occupies a position of 
equal importance with adhesion and chemoattraction in 
the repertoire of cellular signals that influence the guid- 
ance of developing axons. Exciting problems for the future 
include the identification of receptors and the analysis of 
mechanisms by which growth cones transduce and inte- 
grate semaphorin-mediated repellent signals (Fan et al., 
1993). Although the precise role of any adhesive, attrac- 
tant, or repellent protein in axonal growth or guidance re- 
mains to be determined, some of the major classes of 
molecules likely to be involved in this key step in neural 
development appear to have been defined. Inhibitory influ- 
ences on growth cone motility have been observed in re- 
sponse to a wide variety of neural cells. In the near future, 
we should learn whether the semaphorins and netrins pre- 
dominate as mediators of growth cone repulsion or repre- 
sent the examples of a large group of proteins that influ- 
ence neural connectivity through their inhibitory actions 
on the growth cone. 
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